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a b s t r a c t

Rotylenchulus reniformis, the reniform nematode, is a sedentary semi-endoparasitic nematode capable of
infecting >300 plant species, including a large number of crops such as cotton, soybean, and pineapple. In
contrast to other economically important plant-parasitic nematodes, molecular genetic data regarding
the R. reniformis transcriptome is virtually nonexistant. Herein, we present a survey of R. reniformis ESTs
that were sequenced from a sedentary parasitic female cDNA library. Cluster analysis of 2004 high quality
ESTs produced 123 contigs and 508 singletons for a total of 631 R. reniformis unigenes. BLASTX analy-
ses revealed that 39% of all unigenes showed similarity to known proteins (E ≤ 1.0e−04). R. reniformis
genes homologous to known parasitism genes were identified and included �-1,4-endoglucanase, fatty
acid- and retinol-binding proteins, and an esophageal gland cell-specific gene from Heterodera glycines.
Furthermore, a putative ortholog of an enzyme involved in thiamin biosynthesis, thought to exist solely
in prokaryotes, fungi, and plants, was identified. Lastly, 114 R. reniformis unigenes orthologous to RNAi-
lethal Caenorhabditis elegans genes were discovered. The work described here offers a glimpse into the

transcriptome of a sedentary semi-endoparasitic nematode which (i) provides the transcript sequence
data necessary for investigating engineered resistance against R. reniformis and (ii) hints at the existance
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. Introduction

The reniform nematode, Rotylenchulus reniformis Linford
Oliveira, is an obligate, sedentary, semi-endoparasitic root

athogen of more than 300 plant species [1]. Included within the R.
eniformis host range are a number of economically important crops
uch as cotton, soybean, pineapple, tomato, and sweet potato [1,2].
he economic impact exerted by R. reniformis on Upland cotton pro-
uction is particularly severe with annual losses of ca. $230 million

n the United States [3–5]. While natural resistance to R. reniformis
as been incorporated into elite soybean germplasm [6], there
re currently no Upland cotton cultivars resistant to this nema-
ode [4,5]. The R. reniformis life-cycle begins when second-stage

uveniles (J2) hatch from eggs in the soil or from eggs within the
elatinous matrix associated with adult sedentary females. In con-
rast to sedentary endoparasites like cyst (Heterodera and Globodera
pp.) and root-knot nematode (Meloidogyne spp.), R. reniformis J2 do

� Mention of trade names or commercial products in this article is solely for the
urpose of providing specific information and does not imply recommendation or
ndorsement by the United States Department of Agriculture.
∗ Corresponding author. Tel.: +1 662 320 7585.

E-mail address: martin.wubben@ars.usda.gov (M.J. Wubben).
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way in an animal.
Published by Elsevier B.V.

not immediately infect the host root, but instead become inactive
and progress through three molting events in the absence of feed-
ing [1]. After the final molt, vermiform, infective adult females seek
out a host and penetrate the root epidermis; adult males do not
feed. The posterior half of the female remains outside the root and
eventually swells to give the characteristic kidney shape. The feed-
ing site is established on endodermal and pericycle cells adjacent
to the vasculature by the vermiform female and closely resembles
syncytia formed by cyst nematodes [1,2]. After fertilization, 30–200
eggs are deposited into a gelatinous matrix produced by the mature
reniform-shaped female [1,2].

The signaling events leading to feeding site formation by seden-
tary plant-parasitic nematodes are believed to be mediated by
the products of nematode parasitism genes which are secreted
by the esophageal gland cells and injected into host root cells
via the nematode stylet [7–9]. The first parasitism genes identi-
fied encoded a battery of cell wall degrading or loosening proteins
such as �-1,4-endoglucanase, pectate lyase, expansin, and cellulose
binding proteins [9]. In addition to plant cell wall manipulation,

parasitism genes have been discovered that encode chorismate
mutase [10], SKP1-like proteins [11], and plant CLE-like proteins
[12]; however, the majority of parasitism genes, regardless of
species, lack similarity to known proteins and perform unknown
functions [7,8]. Despite being primarily ‘pioneer’ sequences, para-

http://www.sciencedirect.com/science/journal/01666851
mailto:martin.wubben@ars.usda.gov
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itism gene candidates have been identified from large EST datasets
ased on the presence of a signal peptide in the predicted protein
oupled with the lack of transmembrane domains [13].

The importance of individual parasitism genes to feeding site
evelopment has been studied using RNA-interference (RNAi).
NAi is an ubiquitous phenomenon in eukaryotes that involves
he regulation of gene expression within a cell or tissue by RNA

olecules complementary to specific mRNA species [14]. The tar-
eted silencing of parasitism genes using RNAi has been shown to
ignificantly reduce nematode infection and/or reproduction on a
usceptible host [15–18]. In addition to parasitism genes, RNAi-
ediated silencing of highly conserved genes with roles in vital

ellular or developmental processes has also shown promise in
educing nematode infection [15,19–22].

The potential shown by RNAi-mediated gene silencing for engi-
eering nematode resistance in crops rests on a foundation of

unctional genomic data for the parasite(s) in question. For exam-
le, almost 80,000 ESTs from Meloidogyne spp. are publicly available
23]. More than 43,000 ESTs from cyst nematodes and thou-
ands more from lesser known species such as Radopholus similis
24], Ditylenchus africanus [25], Bursaphelenchus spp. [26,27] and
ratylenchus spp. [28] have been made available. In stark con-
rast, as of August 2009, only 56 R. reniformis ESTs were listed
n Genbank; however, 55/56 were ribosomal sequences, leaving
single EST that corresponded to a cathepsin L-like cysteine pro-

einase (gb|AY999066.1|). It is obvious that this severe lack of cDNA
equence information must be addressed before any RNAi-related
esearch toward engineered R. reniformis resistance can be pursued.

Herein, we describe the construction of a cDNA library from
edentary parasitic females of R. reniformis and the analysis of 2004
STs from that library. Clustering yielded a total of 631 R. reni-
ormis unigene sequences. A thorough analysis of these unigenes
evealed a number of potential parasitism genes, including a puta-
ive cellulase, as well as genes highly conserved in C. elegans that
how severe RNAi-mediated gene silencing phenotypes. Further-
ore, an R. reniformis unigene was identified that may represent

n enzyme involved in vitamin B1 biosynthesis which is thought to
ccur exclusively in fungi, plants, and prokaryotes.

. Materials and methods

.1. Isolation of R. reniformis sedentary females

An inbred R. reniformis population was maintained on cotton
lants in sand in a greenhouse. This culture had originally been
cquired from Dr. Forrest Robinson, USDA/ARS (retired), College
tation, TX. Infected cotton roots from 3 to 5 plants were washed
ree of sand with tap-water. Lateral roots were removed from the
aproot with scissors and placed in a Waring blender which was
hen filled with just enough water to cover all the roots. The roots
ere macerated by two 5-s pulses on the “LOW” setting. Detached

edentary females were collected by sieving the root slurry through
#60/#100 sieve stack (U.S. Standard Sieve Series, Fisher Scien-

ific, Pittsburgh, PA, USA). The #100 sieve material was re-sieved
hrough a #80/#100 sieve stack to remove additional root mate-
ial. Then, the #100 sieve material was transferred to a 250 mL
eaker. Female nematodes were allowed to settle to the bottom
f the beaker, and the supernatant, containing fine root material,
as decanted and discarded. Root and sand material that persisted
as removed by centrifugal sucrose-floation [29]. Female nema-
odes were collected from the water/sucrose interphase with a
lass Pasteur pipet, transferred to a 50 mL tube (Greiner Bio-One,
onroe, NC, USA) and washed with sterile Milli-Q water (Milli-

ore, Bedford, MA, USA). Any remaining debris was removed by
ouring the nematodes into a petri dish and picking out the debris
ical Parasitology 172 (2010) 31–40

with a Pasteur pipet. Nematode viability was verified at this time
by observing pharyngeal pumping using a Nikon SMZ1500 stere-
omicroscope (Nikon Inc., Melville, NY, USA). Nematodes were then
washed three times with sterile Milli-Q water before being trans-
ferred to a 1.5 mL centrifuge tube, pelleted, and flash frozen in liquid
nitrogen.

2.2. Total RNA isolation and cDNA library construction

Female nematodes were ground in liquid nitrogen using a blue
plastic pestle fitted to a 1.5 mL centrifuge tube. Total RNA was
isolated using the animal tissue protocol that accompanied the
RNeasy Plus Mini Kit (Qiagen Inc., Valencia, CA, USA). Contaminat-
ing genomic DNA was removed using the DNA-free Kit according to
the manufacturer’s instructions (Ambion, Austin, TX, USA). A cDNA
library was constructed from 150 ng of DNase-treated total RNA
using the Creator SMART cDNA Library Kit (Clontech, Mountain
View, CA, USA). cDNA amplification, size fractionation, restric-
tion enzyme digestion, ligation into the pDNR-LIB vector, and
Escherichia coli transformation was performed as outlined in the
kit manual including the use of all positive and negative controls.
Library titre was estimated to be 1.64 × 105 cfu/mL. Colony PCR of
13 randomly selected clones gave an average insert size of ≈500 nt.

2.3. Clone sequencing and bioinformatic analyses

Recombinant clones were identified by blue/white selection
on Luria Bertani (LB) agar plates containing X-gal, IPTG, and
30 �g/mL chloramphenicol. Blue colonies were picked into 96-
well V-bottom microplates (Fisher Scientific) containing 150 �L LB
broth + chloramphicol. Plates were sealed and incubated overnight
with shaking at 37 ◦C. Sterile glycerol was added to each well
to reach a final concentration of 15%. 75 �L from each well was
transferred to a new 96-well plate which was sealed with tape
and shipped on dry ice to the USDA/ARS MidSouth Area (MSA)
Genomics Facility. Sequencing reactions were performed using
the BigDye Terminator Cycle Sequencing Reaction Kit version 3.1
(Applied Biosystems) and detected using the Applied Biosystems
3730XL DNA Analyzer.

Vector and low quality sequences were trimmed from the raw
sequence reads using Phred [30,31] and Lucy [32]. Sequence assem-
bly was performed using Sequencher v4.7TM software (Gene Codes
Corporation, Ann Arbor, MI, USA) under the “dirty data” option
with 90% minimum shared identity and a minimum sequence over-
lap of 40 nt. Unigene sequence database searches were performed
using the Basic Local Alignment Search Tool (BLAST) under default
parameters [33]. Unigene sequence annotations were performed
by combining Gene Ontology mapping and InterProScan data using
Blast2Go software [34].

3. Results

3.1. Library characteristics and cluster analysis

2784 clones from an R. reniformis parasitic female cDNA library
were picked and bi-directionally sequenced using standard M13
forward and reverse primers. General library characteristics and
results of EST cluster analysis are presented in Table 1. Clones that
yielded ESTs of poor quality (n = 478), ribosomal origin (n = 272),
or mitochondrial origin (n = 30) were dropped from the analysis,
leaving 2004 ESTs for further study. Prior to clustering, the mean

length of all ESTs was 423.7 nucleotides (nt). To reduce dataset
redundancy, ESTs were grouped into contigs using SequencherTM

v4.7 based on shared sequence identity (≥90%) and a mini-
mum overlap of 40 nt. Cluster analysis yielded 123 contigs (mean
length = 539.1 nt) and 508 singletons (mean length = 425.5 nt) for a
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ig. 1. Distribution of Rotylenchulus reniformis contig sizes resulting from cluster an
ucleotide identity and a 40 nt minimum overlap.

otal of 631 unigenes. The number of ESTs within a contig ranged
rom 2 to 407; however, the vast majority of contigs fell within
he 2–5 EST range (Fig. 1). Given a conservative estimate of 17,300
enes for the model species C. elegans [35] and 19,212 genes for
he plant-parasite M. incognita [36], the 631 R. reniformis unigenes
escribed here likely account for ≈3.5% of the reniform nematode
ranscriptome.

.2. BLAST analyses

All R. reniformis unigenes were compared to the NCBI non-
edundant database (NRdb) using BLASTN and BLASTX where a
ignificant match between the query and subject sequences was
efined as having an expected value (E) ≤ 1.0e−04. BLASTN iden-
ified significant subject matches for 143/631 unigenes (22.7%)
ith a mean top hit E = 8.3e−06. Decreasing the E-value thresh-

ld to 1.0e−10 decreased the number of unigenes with significant
ubject matches to 93/631 (14.7%). A large portion of the most
ignificant unigene matches (E ≤ 1.3e−73) were to orthologs of con-
erved eukaryotic genes, e.g., histones H2 and H4, RNA polymerase
I, translation initiation and elongation factors, and cytoskeletal
roteins. Highly significant matches to plant-parasitic nematode
enes were also identified; for example, the unigenes Contig106,
RC-1C M13F G04, and Contig111 matched H. glycines orthologs
or a class V aminotransferase (E = 1.8e−123), an arginine kinase
E = 1.3e−116), and an aldolase (E = 1.6e−64), respectively. Unigene
RC-4D M13F A12 showed significant similarity to the G. pallida
EC2 gene (5.5e−61), which is believed to be involved in potato
yst nematode parasitism [37,38].

BLASTX identified significant subject matches for 246/631

39.0%) unigenes; however, this value decreased to 168 unigenes
t an E-value threshold of 1.0e−10. Taking these figures into
ccount, 385–463 unigenes (61–73%) potentially represent novel
roteins. Proteins from the human nematode parasite, Brugia
alayi, accounted for 30.0% of the top BLASTX matches. Proteins

able 1
otylenchulus reniformis cDNA library characteristics.

Clones sequenced 2784
Poor quality sequences (e.g. <100 nt) 478 (17.2%)
Ribosomal sequences 272 (9.8%)
Mitochondrial sequences 30 (1.1%)
Sequences eligible for cluster analysis 2004
Mean sequence length (nt) 423.7
Number of contigs 123
Mean contig length (nt) 539.1
Number of singletons 508
Mean singleton length (nt) 425.5
Total number of consensus sequences 631

t: nucleotides.
of 2004 expressed sequence tags from sedentary parasitic females based on ≥90%

from the model free-living nematode species C. elegans and C. brig-
gsae accounted for an additional 27.2% of the top BLASTX matches.
Only 16 unigenes (6.5%) were most similar to plant-parasitic nema-
tode proteins with all 16 corresponding to H. glycines. Six unigenes
showed top BLASTX matches to prokaryotic proteins; however, for
five of these six unigenes, significant matches to eukaryotic pro-
teins were also identified. Unigene FRC-3A D06 showed matches
to only prokaryotic isochorismatase hydrolase proteins. Contig218
showed a high level of similarity to an ortholog of NMT1 from
the fungus Gibberella zeae (E = 7.0e−86). NMT1, also known as
THI5 in the yeast Sacchromyces cereviseae, is required for thi-
amin (vitamin B1) biosynthesis in fungi and plants [39]; however,
NMT1-like genes have not been identified in other eukaryotic
organisms.

A closer examination of the most significant BLASTX matches
revealed that there were groups of unigenes that shared identical
subject matches (Table 2). Nineteen groups were identified with
each group consisting of 2–4 unigenes. One explanation for this
finding is that unigenes within a group represent transcripts from
a single locus; however, the unigenes share <90% nucleotide iden-
tity and they align to identical regions of the subject sequence
which does not suggest an instance of under-clustering or fragmen-
tation [40]. Because R. reniformis is amphimictic and the genetic
variation within the population used for library construction was
unknown, it is possible that unigenes within a group represent
different alleles of a locus or multiple loci or are products of alter-
native splicing events. Evidence of alternative splicing was found
within Groups 16 and 17 (Table 2). In Group 16, we determined
that Contig10 and Contig416 shared almost 100% identity; how-
ever, Contig416 showed a 249 nt in-frame sequence gap relative
to Contig10. Likewise, Contig11 and FRC-7B M13F C08 shared 98%
sequence identity but with an 18 nt in-frame gap (Table 2). Similar
relationships between unigenes within the remaining 17 groups
were not detected.

Our cDNA library represented a non-normalized collection of
R. reniformis transcript fragments; therefore, inferences about the
relative expression of different genes could be made based on
the relative abundance of their corresponding ESTs. Following this
rationale, the 10 most abundant unigene sequences are presented
in Table 3. Contig136 was most prevalent, consisting of 407 ESTs.
Unfortunately, no identifiable homologs for Contig136 could be
found by any BLAST program; however, the sequence showed 84.1%
A/T composition which may suggest a mitochondrial origin for this
unigene [24]. Various serine-type endopeptidase inhibitor proteins

represented the second, fourth, fifth, seventh, and ninth most abun-
dant sequences in the library. Collectively, this sequence type was
comprised of 490 ESTs or 24.5% of all ESTs. The third most abundant
sequence, as represented by Group 16 (143 ESTs), was most similar
to an H. glycines C-type lectin protein.
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Table 2
Grouping of Rotylenchulus reniformis consensus sequences by putative function according to shared top BLASTx hits.

Group Consensus sequence GenBank
accession no.

No.
ESTsa

BLASTx hit description E-Value Hit accession no. Organism

1 Contig1 76 406 EZ421800 20 Serine peptidase inhibitor-with
kunitz and wap domains 1

4.2e−06 P84875 Sabellastarte magnifica
Contig224 EZ421847 12 7.2e−06
Contig395 EZ421884 28 5.5e−06

2 Contig106 EZ421807 2 Alanine-glyoxylate
aminotransferase

1.1e−88 AAK26375 Heterodera glycines
FRC-01-test C11 GT736460 1 7.6e−32

3 FRC-1B M13F A04 GT736596 1 Testis expressed gene 2 5.1e−34 XP 001895126 Brugia malayi
FRC-5A M13F C11 GT737639 1 3.4e−16

4 FRC-1A M13F D05 GT736550 1 Cysteine-rich venom protein 3.4e−08 XP 001674547 Caenorhabditis briggsae
FRC-7B A09 GT738255 1 5.0e−07

5 Contig3 EZ421860 13 Serine peptidase inhibitor-with
kunitz and wap domains 1

2.0e−08 NP 001102927 Rattus norvegicus
Contig301 EZ421862 2 7.6e−08
Contig5 EZ421903 2 3.8e−07

6 Contig8 211 EZ421917 4 h4 histone protein 7.3e−39 XP 001898784 Brugia malayi
FRC-6A G05 GT737930 1 7.2e−39
FRC-7C D07 GT738328 1 7.2e−38

7 Contig101 EZ421803 2 srf-type transcription factor 4.5e−12 ZP 02925926 Verrucomicrobium spinosum
FRC-1C M13F C10 GT736668 1 4.2e−14

8 Contig479 EZ421901 2 Chondroitin ProteoGlycan family
member (cpg-3)

1.7e−12 NP 492047 Caenorhabditis elegans
Contig87 EZ421920 2 1.6e−12

9 Contig411 EZ421889 2 Vitellogenin precursor-like protein 2.1e−05 CAK18212 Ascaris suum
Contig44 54 EZ421895 2 2.7e−04
FRC-7C A08 GT738324 1 1.0e−05

10 Contig126 EZ421818 4 Kunitz inhibitor-like protein 2 2.5e−06 XP 001983642 Drosophila grimshawi
FRC-5B A07 GT737704 1 2.4e−06

11 Contig232 234 EZ421850 5 Kunitz inhibitor-like protein 2 2.4e−06 XP 002070501 Drosophila willistoni
Contig322 EZ421869 2 2.7e−05
FRC-3D G03 GT737272 1 2.9e−07
Contig170 EZ421830 8 7.5e−06

12 Contig226 EZ421848 283 Similar to papilin 3.2e−06 XP 002121111 Ciona intestinalis
Contig27 EZ421854 14 3.2e−06
Contig370 EZ421877 6 7.2e−06

13 Contig15 EZ421824 66 Tissue factor pathway inhibitor 4.1e−07 NP 001128730 Sus scrofa
Contig20 EZ421836 22 6.6e−07

14 Contig78 EZ421915 2 Hypothetical protein
Cbre JD13.006

7.3e−04 ACI49104 Caenorhabditis brenneri
FRC-7A M13F H02 GT738227 1 8.2e−04

15 Contig97 EZ421921 2 Pyruvate kinase 8.5e−28 CAV31772 Caenorhabditis elegans
FRC-01-test D07 GT736461 1 3.6e−63

16 Contig10b EZ421801 90 c-type lectin 7.4e−15 AAK94488 Heterodera glycines
Contig357 EZ421875 27 7.9e−15
Contig416b EZ421891 26 5.0e−15

17 Contig11b EZ421808 21 Putative secreted protease
inhibitor

2.1e−12 AAM93648 Ixodes scapularis
FRC-7B M13F C08b GT738279 1 2.1e−13

18 Contig150 EZ421825 5 Protein partially confirmed by
transcript evidence

2.7e−08 CAX65088 Caenorhabditis elegans
FRC-3D A01 GT737268 1 7.8e−08
FRC-6D M13F D03 GT738139 1 6.0e−05

19 Contig116 EZ421812 3 Putative gland protein G22C12 6.6e−10 AAP30768 Heterodera glycines
Contig213 EZ421843 2 3.2e−07
FRC-3C M13R E06 GT737254 1 2.1e−05

quenc
rms t

3

t
G
m
G
c
u

FRC-5D B11 GT737857 1

a Number of expressed sequence tags (ESTs) that correspond to the consensus se
b Within a group, these consensus sequences may represent different splice isofo

.3. Annotation of R. reniformis unigenes

The R. reniformis unigene sequences were annotated using
he Blast2GO software package [34] according to the universal

O terminology for cellular compartment, biological process, and
olecular function. We found that 231 unigenes had at least one
O term associated with them. The number of GO terms asso-
iated with a particular unigene ranged from 1 to 31 with 119
nigenes having 1–3 GO terms. Regarding the cellular compart-
1.2e−07

e.
ranscribed from a single locus

ment categorization, 17% of unigenes were predicted to be part of a
protein complex (Fig. 2). Equivalent numbers of unigenes were pre-
dicted to be targeted to the nucleus or to the extracellular region
(Fig. 2). The high number of extracellular proteins is likely due to the

many predicted protease inhibitor proteins in our dataset. This fact
would also explain why serine-type endopeptidase inhibitor activ-
ity was by far the most prevalent molecular function identified;
encompassing 42% of the annotated sequences (Fig. 2). In contrast,
no single biological process category appeared significantly larger
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Table 3
The 10 most abundant sequences identified from the Rotylenchulus reniformis sedentary female cDNA library.

Consensus sequence(s)a GenBank accession no.(s) # of ESTs (% of total)b Top BLASTx hit description SignalPc TMHMMd

Contig136 EZ421822 407 (20.3) No hits Negative Negative
Group 12 EZ421848EZ421854EZ421877 303 (15.1) gi|198418054|ref|XP 002121111.1|

PREDICTED: similar to papilin [Ciona
intestinalis] (3.2e−06)

Positive Positive

Group 16 EZ421801EZ421875EZ421891 143 (7.1) gi|22073913|gb|AAK94488.1| putative
C-type lectin [Heterodera glycines]
(7.4e−15)

Positive Negative

Group 13 EZ421824 EZ421836 88 (4.4) gi|158668327|gb|ABW76681.1| tissue
factor pathway inhibitor [Sus scrofa]
(4.1e−07)

Positive Positive

Group 1 EZ421800EZ421847EZ421884 60 (3.0) gi|118196994|emb|CAK55547.1|
putative carboxypeptidase inhibitor
[Sabellastarte magnifica] (5.5e−06)

Positive Negative

Contig4 EZ421886 50 (2.5) gi|71992017|ref|NP 499406.2|
hypothetical protein W05B2.2
[Caenorhabditis elegans] (1.0e−04)

Positive Positive

Group 17 EZ421808 GT738279 22 (1.1) gi|22164286| putative secreted
protease inhibitor ISL1156 cluster 318
[Ixodes scapularis] (2.1e−12)

Positive Negative

Contig105 195 EZ421806 18 (0.9) No hits Positive Positive
Contig272 EZ421855 17 (0.8) gi|110756487| PREDICTED: similar to

Papilin CG33103-PB isoform B isoform
1 [Apis mellifera] (8.6e−07)

Positive Positive

Contig21 EZ421842 17 (0.8) No hits Positive Positive

d/or s
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a Either individual contigs comprised of overlapping ESTs or Groups of contigs an
b Total number of overlapping ESTs that comprise the individual contig or the su
c Predicted peptide(s) tested positive or negative for a signal peptide according t
d Predicted peptide(s) tested positive or negative for the presence of transmemb

han any other; however, three categories describing metabolic and
iosynthetic processes accounted for a combined 36% of annotated
nigenes (Fig. 2).

.4. TBLASTX analysis of R. reniformis unigenes

In order to identify as many potential homologs as possible,
. reniformis consensus sequences were compared to the NCBI
st others database using TBLASTX. This analysis showed that 246
equences (38.9%) identified with at least one other nematode
ST in Genbank (Emax = 9.40e−05). The genera of nematodes cor-
esponding to the top TBLASTX matches were recorded and the
otal number of top hits for each genus determined (Fig. 3). Vari-
us cyst nematode species were the most common plant parasites
ncountered with H. glycines and G. pallida being most preva-
ent (Fig. 3). Root-knot forming nematode species (Meloidogyne
pp.) collectively formed the next most common group (Fig. 3).
hese observations may not be surprising because both cyst and
oot-knot nematodes are sedentary parasites like R. reniformis.
he number of top TBLASTX matches to proteins from migratory
lant-parasitic nematodes, e.g., R. similis and Pratylenchus spp., was
lightly larger than the number of Caenorhabditis spp. top hits
Fig. 3). Top TBLASTX hits to animal-parasitic nematode species
ere also observed, albeit rarely, and included Ancylostoma can-

num, Ascaris suum, Brugia spp., and Toxocara canis.

.5. Identification of candidate parasitism genes

Our BLASTX analysis of the R. reniformis unigenes identified
even cDNAs whose only matches were to proteins from other
lant- or animal-parasitic nematodes (Table 4). Sequences Con-
ig116, Contig46, and FRC-5A M13F D07 showed homology to the

reviously identified parasitism genes gland protein G22C12 (H.
lycines), SEC-2 (G. pallida), and cellulase (Table 4). A defining char-
cteristic of parasitism genes is the presence of a signal peptide in
he absence of helical transmembrane domains [8,13,41]. The pre-
icted proteins of Contig116, FRC-1B E06, and FRC-2C M13R G08
ingletons that share the same top BLASTx hits as shown in Table 2.
l of ESTs that comprise the respective members of a Group.
alP 3.0 [55].
elices according to TMHMM 2.0 [56].

showed these characteristics (Table 4); however, it should be noted
that our unigene sequences may not contain full-length open read-
ing frames (ORF) or they may lack 5′ ends, leading to false negative
results for the presence of a transmembrane domain or signal pep-
tide. An example of this scenario would be FRC-5A M13F D07, a
homolog of other nematode cellulase genes which are well-known
to be secreted proteins [8]. Indeed, upon closer examination, it
was clear that FRC-5A M13F D07 corresponded to the 3′-end of the
putative cellulase gene and lacked the N-terminus of the predicted
protein.

Thus far, the majority of parasitism genes that have been iden-
tified from plant-parasitic nematodes lack homology with known
proteins [13]. Within our dataset, 29 R. reniformis cDNAs were iden-
tified that showed no BLASTN or BLASTX homology with known
sequences but were predicted to encode proteins having a sig-
nal peptide but no transmembrane domain (Table 5). Twenty-six
sequences appeared to have complete ORFs that were predicted
to encode secreted proteins ranging in length from 40 to 296
amino acids (aa); however, 21 of these 26 predicted proteins were
≤120 aa (Table 5). TBLASTX detected weak matches between six
sequences and ESTs of other plant-parasitic nematodes; whereas,
Contig413 aligned with an EST from artichoke (Table 5). In addi-
tion to TBLASTX, predicted peptide sequences were analyzed via
BLASTP. Only three of 29 predicted proteins showed significant
homology to known proteins (Table 5). This included Contig320,
which showed similarity to the H. glycines putative gland protein
G16B09 (Table 5). Oddly, signal peptides were detected from two
different ORFs for FRC-4D G02 and FRC-7C M13F G05.

3.6. Homology to Caenorhabditis elegans

Each R. reniformis unigene sequence was compared against the
C. elegans WS201 protein list using BLASTX. We found that 247

sequences showed significant similarity (E ≤ 1e−04) to 209 differ-
ent C. elegans genes. These findings suggested that our dataset was
16.4% fragmented, or under-clustered; however, this should be con-
sidered a maximum value for reasons already presented and shown
in Table 2. We also determined that the mean length of sequences
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ig. 2. Gene Ontology (GO) mappings for all unigenes as determined by Blast2GO.
nd cellular component with sequence number cut-offs of 4, 5, and 3, respectively.

hat showed similarity to a C. elegans homolog (554.5 nt) was sig-
ificantly greater that the mean length of sequences which gave no
its (420.0 nt).

RNA-interference (RNAi) of some nematode genes has been
hown to be effective in reducing plant-parasitic nematode
nfection and/or reproduction [15,23]. In some instances, RNAi-

ediated silencing of plant-parasitic nematode genes that are
omologous to C. elegans genes that show a lethal phenotype when
ilenced has been successful [15,19,42]. Using the E-value cut-offs
f Alkharouf et al. [19], R. reniformis unigenes were divided into
ix groups (I–VI) based on the level of identity shared with their
orresponding C. elegans homolog. Within each group, the number
f C. elegans homologs having lethal and non-lethal RNAi phe-

otypes was determined (Fig. 4). Group I (E ≤ 1e−100) contained
nly one sequence, FRC-7C F08, which matched a C. elegans actin-
elated protein (Table 6). Group II (1e−100 < E ≤ 1e−80) contained
ine unigenes with six having C. elegans orthologs that show RNAi-

ethality (Fig. 4 and Table 6). As E-values became increasingly less
arts correspond to the general categories of molecular function, biological process,

stringent across Groups III–VI, the number of unigenes within a
group increased while the percentage of those unigenes within a
group having RNAi-lethal C. elegans orthologs decreased (Fig. 4).
Based upon this analysis, the 10 R. reniformis unigenes that showed
the greatest potential for causing lethality upon silencing based on
homology with C. elegans are presented in Table 6. The 10 unigenes
represent proteins that are involved in conserved eukaryotic pro-
cesses such as transcription, translation, glycolysis, and the citric
acid cycle. FRC-4D M13F C07 is a RACK-1 homolog that has been
shown to be required for cytokinesis in C. elegans [43].

4. Discussion
Plant-parasitic nematodes generally fall into one of four broad
categories based on whether their feeding strategy is sedentary or
migratory and whether feeding occurs inside or outside of the root.
The reniform nematode, R. reniformis, is unusual in this regard as
it is one of only a few sedentary semi-endoparasitic species. In
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Table 4
Rotylenchulus reniformis consensus sequences with BLASTx matches only to parasitic genera in the Nematoda phylum.

Consensus sequence Accession No. BLASTx of consensus sequence E-Value SignalPa TMHMMb

Contig103 EZ421805 gi|170587220|ref|XP 001898376.1|corneal
wound healing-related protein [Brugia
malayi]

1.7e−05 Negative Negative

Contig116 EZ421812 gi|30315078|gb|AAP30768.1|putative
gland protein G22C12 [Heterodera
glycines]

6.6e−10 Positive Negative

Contig46 EZ421897 gi|5457299|emb|CAA70477.2|SEC-2
protein [Globodera pallid]

8.1e−10 Negative Negative

FRC-1A M13F E04 GT736555 gi|170578013|ref|XP 001894227.1|prolyl
oligopeptidase family protein [Brugia
malayi]

1.8e−32 Negative Negative

FRC-2C M13R G08 GT736997 gi|170591200|ref|XP 001900358.1|transformer-
2a3 [Brugia
malayi]

1.4e−04 Positive Negative

FRC-3A H04 GT737081 gi|2463096|emb|CAA74206.1|serine
proteinase [Heterodera glycines]

9.7e−12 Negative Negative

FRC-5A M13F D07 GT737643 gi|37725601|gb|AAO25506.1|cellulase 5.9e−08 Negative Negative
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proteins from filarial nematodes. This result may indicate that Con-
tig46 represents a FAR protein involved in parasitism as opposed
to a more general function like that hypothesized for some FAR
proteins [24,44]. Six additional unigenes only matched proteins
[Heterodera glycines]

a Predicted peptide tested positive or negative for a signal peptide according to S
b Predicted peptide tested positive or negative for the presence of transmembran

ddition to being a possible evolutionary intermediate between
edentary endo- and ectoparasitism, R. reniformis is a notorious
lant pathogen that is capable of infecting more than 300 plant
pecies, including cotton, soybean, chickpea, and sweet potato [1].
s an alternative to natural host resistance, many research pro-
rams have focused on identifying and characterizing genes from
any plant-parasitic nematode species that cause the parasite to

ie upon silencing by RNA-interference (RNAi) [23]. The molecular
nteraction between R. reniformis and its host has not been studied;
onsequently, no gene sequence data exists for this parasite. We
resent herein an initial survey of the R. reniformis transcriptome by

dentifying ESTs from parasitic sedentary females. This particular
ife-stage was chosen for EST analysis for the following reasons: (i)
edentary females represent the sole feeding life-stage, (ii) seden-
ary females are easily identified and collected compared to the
on-feeding juvenile life-stages, (iii) R. reniformis genes involved in

eeding site formation/maintainence should be expressed in seden-
ary females, and (iv) the potential success of future RNAi-based
ontrol strategies hinge upon the identification of those genes
xpressed by the nematode during feeding.

BLASTX was used to compare the 631 R. reniformis unigenes to
he NCBI non-redundant database. We determined that 246 uni-
enes (39%) aligned with a known protein sequence at a maximum

-value threshold of 1e−04. Homology searches for other plant-
arasitic nematodes have yielded similar results. For example, 46%
f all R. similis ESTs yielded significant BLASTX matches at E ≤ 1e−05
24]. Likewise, only 57% of sequences from the migratory endopar-

ig. 3. Distribution of Rotylenchulus reniformis unigene top TBLASTX matches to the
CBI est others database according to nematode genera. Migratory plant-parasitic
ematodes (PPNs) refer to Radopholus, Pratylenchus, and Bursaphelenchus genera.
3.0 [55].
ces according to TMHMM 2.0 [56].

asite D. africanus showed similarity to known sequences [25]. Given
the lack of sequences from other sedentary semi-endoparasites
for comparison, it may not be surprising that more R. reniformis
sequences appear to be unique relative to other plant-parasitic
nematodes. The vast majority of unigenes that showed significant
BLASTX matches identified with homologous sequences from the
model bacteriovore Caenorhabditis and/or from the well-studied
filarial parasite B. malayi. Two unigenes corresponded to known
nematode-specific gene families, i.e., the fatty acid- and retinol-
binding proteins (FAR) and the transthyretin-like proteins.

FAR proteins are particularly interesting because they have the
potential to disrupt host defense signaling [38]. The top BLASTX
match for Contig46 was the G. pallida FAR protein, SEC-2; how-
ever, subsequent BLASTX matches were almost exclusively to FAR
Fig. 4. Identification of total (black bar) and RNAi-lethal (white bar) Caenorhabditis
elegans proteins homologous at different levels of significance to the Rotylenchulus
reniformis unigene set. Group I (E ≤ 1e−100), Group II (1e−100 < E ≤ 1e−80), Group
III (1e−80 < E ≤ 1e−60), Group IV (1e−60 < E ≤ 1e−40), Group V (1e−40 < E ≤ 1e−20),
and Group VI (E > 1e−20).
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Table 5
Rotylenchulus reniformis consensus sequences that do not have BLASTn or BLASTx matches, lack predicted transmembrane domains, and test positive for a signal peptide.

Consensus sequence GenBank accession
number

Length (nt) Reading
frame/peptide
length (aa)

tBLASTx of consensus
sequence

BLASTp of predicted
peptide

Contig12 EZ421815 485 −1/103 No hits No hits
Contig67 EZ421911 464 +2/83 No hits No hits
Contig154 EZ421826 1310 +2/296 rf44c02.y1 Meloidogyne

hapla J2 pAMP1 v1 cDNA
(2.6e−05)

No hits

Contig205 EZ421838 428 +1/81 No hits No hits
Contig319 EZ421867 990 −3/264 No hits No hits
Contig320 EZ421868 703 +2/178 gi|40305549|gb|CK349936.1|

hggfha20B02 Gland Cell LD
PCR cDNA Library
Heterodera glycines cDNA
(4.2e−05)

gb|AAO85454.1| putative
gland protein G16B09
[Heterodera glycines]
(7.0e−07)

Contig385 EZ421882 594 −3/149 No hits No hits
Contig413 EZ421890 963 +1/270 gi|125428713|gb|EL440685.1|

Jerusalem artichoke
Helianthus tuberosus
cDNA clone CHTM1715
(9.3e−04)

No hits

Contig436 EZ421893 631 +1/161 No hits No hits
Contig472 EZ421899 766 −2/102 gi|29960829|gb|CB824593.1|

rq28f06.y1 Heterodera
glycines J3 Heterodera
glycines cDNA (1.0e−10)

Cyt-b5, Cytochrome
b5-like Heme/Steroid
binding (4.0e−04)

FRC-01-test M13F E10 GT736489 277 −2/58 No hits No hits
FRC-01-test M13F H03 GT736502 254 −3/>59a No hits No hits
FRC-1D M13F C11 GT736738 509 −2/80 No hits No hits
FRC-1D M13F F12 GT736760 284 −2/40 No hits No hits
FRC-2A H03 GT736794 477 −2/73 No hits No hits
FRC-2A M13R G10 GT736854 410 −2/77 No hits No hits
FRC-2B M13F E10 GT736896 307 −2/62 No hits No hits
FRC-2C M13F B02 GT736946 234 −1/>53a No hits No hits
FRC-2D M13F E03 GT737029 422 +3/88 No hits No hits
FRC-3A M13R G04 GT737133 600 +2/72 gi|46422446|gb|CN443812.1|

re69e08.y1 Meloidogyne
incognita J3 J4 SL1 pGEM
cDNA (1.4e−10)

No hits

FRC-4D D09 GT737557 472 −2/84 No hits No hits
FRC-4D G02 GT737558 737 −2/175, +1/54b No hits No hits
FRC-5A M13F F09 GT737647 343 +1/78 No hits sp|P85213.2|DEF1 GALME

RecName: Full = Defensin;
AltName: Full = Galiomicin
(3.0e−05)

FRC-5C M13F F01 GT737815 439 +3/>137a No hits No hits
FRC-6B M13F F09 GT738016 497 +1/103 No hits No hits
FRC-6B M13F F12 GT738018 702 −2/120 gi|240974642|gb|GR367707.1|

Gpa EST upregulated J16E6
A12 048 Globodera pallida
J2 (8.3e−05)

No hits

FRC-6C M13F E09 GT738080 279 +3/65 gi|51237561|gb|CO897771.1|
pe06h01.y1 Radopholus
similis SL1 TOPO v1 cDNA
(2.7e−04)

No hits

FRC-7C M13F G05 GT738369 400 +3/94, −1/68b No hits No hits
FRC-7D M13R D08 GT738447 529 −1/112 No hits No hits

a Open reading frame containing the signal peptide lacked a STOP codon.
b Signal peptide was detected (probability >0.900) for proteins derived from two open reading frames.

Table 6
Ten most homologous Caenorhabditis elegans genes that show RNAi-lethal phenotypes.

Consensus sequence GenBank accession no. C. elegans homolog Homolog description E-Value

FRC-7C F08 GT738331 WBGene00000199 Actin-related protein Arp2/3 complex, subunit Arp 3 1e−135
Contig119 EZ421814 WBGene00001167 Translation elongation factor 2 9e−94
FRC-01-test D07 GT736461 WBGene00009126 Pyruvate kinase 4e−93
FRC-6C M13F F05 GT738084 WBGene00001209 Eukaryotic translation initiation factor 3, subunit 10 1e−88
FRC-5C H04 GT737786 WBGene00003162 NAD-dependent malate dehydrogenase 6e−87
FRC-6A G12 GT737931 WBGene00021845 DNA-directed RNA polymerase, subunit E′ 8e−85
FRC-3D A03 GT737270 WBGene00000151 Apurinic/apyrimidinic endonuclease/3′-repair diesterase 7e−82
FRC-4D M13F C07 GT737570 WBGene00010556 RACK1 (mammalian receptor of activated C kinase homolog) 2e−76
FRC-2C M13F D02 GT736955 WBGene00008546 Glucosamine-fructose 6-phosphate aminotransferase 8e−69
FRC-4A E02 GT737339 WBGene00020837 Amino acid transporter 9e−68
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rom other parasitic nematode genera. This list included Contig116
hich showed homology to the H. glycines cDNA clone G22C12, a
arasitism gene expressed in the dorsal esophageal gland cell of
arasitic second-stage and third-stage juveniles [11].

Some unigenes showed significant BLASTX matches to only
on-nematode sequences. Of these, Contig218 was particularly

nteresting because it showed a high degree of similarity to a
omolog of NMT-1 (No Message in Thiamin-1) from the fungus
. zeae. Thiamin (vitamin B1) is an essential nutrient for all ani-
als, including nematodes [45]; however, the ability to synthesize

hiamin de novo is restricted to bacteria, fungi, and plants [46,47].
vidence suggests that in yeast NMT-1, also known as THI5, is
esponsible for the synthesis of the thiamin precursor HMP-PP
hydroxymethylpyrimidine diphosphate) [48]. A functional NMT-

homolog in R. reniformis would be the first report of its kind
ithin the kingdom Animalia. Also, TBLASTX analysis of Contig218

evealed that homologous sequences exist for the potato cyst
ematode G. rostochiensis; however, no other nematode-related
its were identified. A possible explanation for the existence of
NMT-1 homolog in R. reniformis would be that the nematode

cquired this gene through the process of horizontal gene trans-
er (HGT). HGT has been used to explain the existence of cell wall
egrading enzymes in PPN genomes [49,50] as well as the presence
f a seemingly intact vitamin B6 biosynthesis pathway in H. glycines
51].

The use of RNAi to silence PPN genes required for feeding site
ormation or for conserved cellular processes has shown tremen-
ous promise towards developing resistance in crop hosts where
atural resistance is non-existent, insufficient, or difficult to incor-
orate into elite germplasm [23]. PPN genes targeted for silencing
ave included those expressed only in the esophageal gland cells,

.e., parasitism genes [15–17,52,53], and those believed to be gen-
rally necessary for survival [15,19–22,54]. It has become standard
ractice to search for suitable RNAi targets for a given species
ased on the identification of C. elegans homologs that show severe
NAi-mediated phenotypes. For example, 1508 H. glycines genes
ere identified that were conserved in C. elegans and showed a

ethal phenotype when silenced or mutated [19]. In our analysis
f 631 R. reniformis unigenes, 255 (40%) showed significant iden-
ity (E ≤ 1e−05) to genes from C. elegans. Of these 255 conserved
. elegans genes, 114 had been shown to produce severe RNAi-
ediated phenotypes; however, only 10 showed a level of identity
here E < 1.0e−60. Silencing of a R. reniformis ribosomal RNA may

e possible as was demonstrated in H. glycines [15,19]. In many
nstances, a crop species is a suitable host to more than one kind
f nematode; cotton is an excellent host for both reniform nema-
ode and root-knot nematode. It will be interesting to see if a gene
an be identified that is conserved between R. reniformis and M.
ncognita at a level sufficient to enable its silencing in both species
imultaneously from a single RNAi construct.

The unigene sequences presented in this report represent a
mall portion of the entire R. reniformis transcriptome. Despite
his fact, many interesting sequences were discovered, including

short list of candidate parasitism genes that can be tested for
land cell-specific expression in the nematode. Future EST stud-
es will implement next-generation-sequencing technology which

ill result in a more complete understanding of gene expression in
he reniform nematode. This sequence data helps fill an information
oid in plant-parasitic nematology and provides a starting point for
tudying R. reniformis from a functional genomic perspective.
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